Objective. The goal of this study was to define viral kinetics after initiation of raltegravir (RAL)-based antiretroviral therapy (ART).
Infection with human immunodeficiency virus type 1 (HIV-1) is characterized by persistent high levels of viremia resulting from a dynamic equilibrium between virus production and clearance and the associated rapid and continuous turnover of the virus population (approximately half of the circulating virus population is replaced with newly produced virus daily) [1, 2] . When this quasi-steady state is perturbed by initiation of potent antiretroviral therapy (ART), the resultant decrease in plasma viremia proceeds through several phases [3] . Decay during the first 7-10 days, which is dominated by loss of short-lived productively infected cells (eg, activated CD4 + T lymphocytes), is characterized by the parameter estimate d 1 , with a half-life of approximately 1 day. A slower second phase (d 2 ), with an average half-life of 14 days, is believed to represent the loss of longer-lived, productively infected cells. An even slower third phase (d 3 ) has been revealed by HIV-1 RNA assays with singlecopy sensitivity and may represent decay of latently infected resting CD4 + T cells that become activated stochastically to produce HIV-1 but go unobserved because plasma HIV-1 RNA levels have usually already fallen below the lower limit of quantification for standard assays [4, 5] . A study using an HIV-1 RNA assay with single-copy sensitivity estimated the half-life for d 3 to be 39-63 weeks, similar to that of latently infected CD4 + T cells (44 weeks), in patients receiving 2 nucleoside analog reverse-transcriptase inhibitors (NRTIs) and ritonavirboosted lopinavir (LPV/r) [6, 7] . In that same study [6] , a fourth phase (d 4 ) was described as occurring 4-5 years after ART initiation and extending through 7 years of follow-up, during which there was no further decline in viremia. Raltegravir (RAL) is an integrase strand transfer inhibitor [8] . Clinical trials show that treatment-naive patients who initiate ART with a RAL-containing regimen achieve plasma HIV-1 RNA levels below the limit of detection by conventional assays (≤50 copies/ mL) faster than patients treated with an efavirenz (EFV)-containing regimen [9] . The reasons for the apparently faster reduction in viremia are unclear. One study found no significant difference in d 1 between patients receiving RAL and EFV-containing regimens but noted that the transition from d 1 to d 2 occurred later and at lower plasma HIV-1 RNA levels in the RAL recipients [10] . That analysis, however, was based on data from a 10-day RAL monotherapy trial with frequent quantification of plasma HIV-1 RNA and from a phase 2 trial of tenofovir disoproxil fumarate plus emtricitabine (TDF/FTC) plus either RAL or EFV in which there was sparse sampling after ART initiation, making it difficult to estimate accurately d 1 and the time of transition to d 2 . Mathematical models of viral decay suggest that the rapid suppression of plasma HIV-1 RNA observed with RAL-containing ART reflects the stage of the viral life cycle at which the drug acts [11] .
To estimate viral decay parameters more precisely and to explore the underlying mechanism for more-rapid suppression of viremia to <50 copies/mL after initiation of RAL-containing ART, we conducted a prospective, single-arm study to estimate the various phases of viral decay in treatment-naive subjects initiating ART with RAL and TDF/FTC.
METHODS

Study Design
AIDS Clinical Trials Group (ACTG) A5248 was a prospective, open-label, multicenter, single-arm, 72-week pilot study designed to estimate viral decay kinetic parameters in ART-naive subjects initiating treatment with RAL and FTC/TDF. Eligible HIV-1-infected patients were ≥18 years of age with plasma HIV-1 RNA levels of >10 000 to ≤300 000 copies/mL. Patients were ineligible if their screening genotype revealed evidence of major mutation(s) associated with resistance to NRTIs, nonnucleoside reverse-transcriptase inhibitors (NNRTIs), or protease inhibitors (PIs). The study protocol was approved by the institutional review board at each of the 15 participating ACTG clinical research sites, and all subjects provided signed informed consent.
Patients meeting entry criteria underwent HIV-1 RNA testing before entry, at entry, and on days 2, 7, 10, 14, 21, 28, and 56 and weeks 12, 16, 20, 24, 36, 48, 60 , and 72 after entry. Plasma was assayed for HIV-1 RNA by using the Amplicor HIV-1 Monitor, version 1.5, UltraSensitive protocol (≤50 copies/mL; Roche Molecular Systems, Branchburg, NJ; hereafter, the ultrasensitive assay), and, in a subset of patients, by a quantitative real-time reverse-transcriptase-initiated polymerase chain reaction assay that can detect a single copy of HIV-1 RNA in a plasma sample (hereafter, the single-copy assay) [6] . Of all 11 subjects in ACTG substudy A5249s (which was designed to estimate the time of onset of virologic decay) and an additional random sample of 8 subjects who did not exhibit virologic failure (defined as an HIV-1 RNA level of ≥1000 copies/ mL 16-24 weeks after ART initiation or ≥200 copies/mL on or after week 24), 11 were eligible for inclusion in single-copy assay models (ie, they exhibited neither inefficient amplification of virus in day 0 samples nor virologic failure).
Because accurate estimation of viral decay rates requires that subjects take study drugs as prescribed, plasma HIV-1 RNA values were excluded from modeling if they were collected after a single missed dose on or before day 14, if subjects had a second missed dose during days 15-56, if they had a seventh cumulative missed dose after week 8, or if their viral load underwent an analytic rebound (defined as an increase of >0.3 log 10 copies/mL from the previous observation, excluding oscillations below 1 copy/mL), to avoid model-fitting difficulties due to nonmonotonicity. Day 0 HIV-1 RNA values (geometric mean of values before entry and at entry) were excluded from ultrasensitive assay models if they were below the day 2 value. One of 39 subjects with ultrasensitive assay HIV-1 RNA data was excluded from ultrasensitive assay models because of a missed dose before day 2. Exclusions for missed doses resulted in too few singlecopy assay values from weeks 8 through 72 for 3 subjects; thus, models to week 72 are based on data from 8 subjects. Calculated day/week was used as the independent variable; results collected outside protocol-specified windows were retained.
Adherence was assessed by patient self-report; participants were given medication diaries to facilitate accurate reporting of doses taken during the first 56 days of treatment.
Statistical Methods
Statistical Power
The original accrual target was 34 subjects, a sample size expected to yield plasma HIV-1 RNA data from 30 subjects for model fitting and to provide a 95% confidence interval (CI) around the estimated d 1 no wider than ±0.09/day; expected precision was ±0.06/day. If a subject changed their regimen or missed any dose in the first 14 days, an additional subject was accrued. For every 3 subjects who changed their regimen or missed ≥2 doses between days 15 and 56, an additional subject was accrued. Subjects altering their treatment regimen or missing doses between weeks 12 and 72 were not replaced.
Estimating and Comparing Viral Decay Rates
To estimate virus decay rates, mono-, bi-and tri-exponential nonlinear mixed-effects models were fitted using R software (version 2.9.2). Several approaches were taken for handling plasma HIV-1 RNA levels below the assay lower limit of detection (50 copies/mL for the ultrasensitive assay and 1 copy/mL for the single-copy assay). A multiple imputation approach, in which values below the detection limit are replaced with values imputed from sequential model fits, exhibits minimal bias [12] . For fits to ultrasensitive assay data, we also considered (1) a fit excluding all values after the first value below detection and replacing the first such value with 50 (L1-50) or 25 (L1-25) copies/mL and (2) a fit excluding the first value below detection (L0). When fitting models to single-copy assay data, we estimated parameters in 2 ways: (1) via multiple imputation and (2) for consistency with other studies, by retaining all values and setting those reported below detection to 0.5 copies/mL.
Model fits were compared via log-likelihood values (for which higher values indicate a better fit), Akaike and Bayesian information criteria (for which smaller values indicate a better fit), and estimated error variance (for which a lower value indicates a better fit); exploratory plots and qualitative results were also considered in selecting the best model. Subject-specific empirical Bayesian estimates of d 1 and d 2 from the A5248 RAL-based regimen were compared to corresponding subject-specific decay-rate estimates from the EFV plus 2 NRTI arms of ACTG A5166s [13] and A5160s [14] , using a 2-sided Wilcoxon rank sum test unadjusted for multiple comparisons. Subject-specific measurements derived from empirical Bayesian estimates included transition time (defined as the time at which production of HIV-1 RNA decay originating from short-and longer-lived cells is equal), the predicted HIV-1 RNA level at these transition times, and the times at which the predicted HIV-1 RNA level was <50 copies/mL. Subjectspecific empirical Bayes estimates were summarized by medians and interquartile ranges.
Type 1 Error Rates and Confidence Intervals (CIs)
Type I error rates were set at 5%; CIs were constructed to have 95% coverage. For inference about dichotomous end points, Clopper-Pearson exact binomial CIs were reported.
RESULTS
Baseline Characteristics
A total of 39 adult subjects were enrolled in A5248. Data from 1 subject were excluded because of a missed dose prior to day 2; 11% were females, 47% were non-Hispanic white, 26% were non-Hispanic black, and were 18% were Hispanic. Data for the single-copy assay, from a subset of 8 patients (1 female, 5 non-Hispanic white individuals, and 1 non-Hispanic black individual, and 2 Hispanic individuals), were also analyzed. Of the 25 subjects enrolled in the previously reported 3-drug EFV arm of A5160s, 13 were female, 11 were non-Hispanic white, 9 were non-Hispanic black, and 4 were Hispanic. Of the 18 subjects enrolled in A5166s, 7 were female, 4 were non-Hispanic white, 5 were non-Hispanic black, and 8 were Hispanic (Table 1) . The median baseline plasma ultrasensitive assay HIV-1 RNA level was 4.6 log 10 copies/mL for subjects in A5248 (4.7 log 10 copies/mL for the single-copy assay subset) and 4.8 log 10 copies/mL and 4.7 log 10 copies/mL for subjects in A5160s and A5166s, respectively. Overall, the baseline characteristics of subjects enrolled into the current study were similar to those of subjects enrolled in A5160s and A5166s, except for a greater proportion of female subjects in the latter 2 studies.
Virologic Suppression
By day 56, 85% of subjects in ACTG A5248 had plasma HIV-1 RNA levels of <50 copies/mL, compared with 17% and 57% of subjects in A5160s and A5166s, respectively (Supplementary Table 1 ). These differences persisted after stratification by screening plasma HIV-1 RNA level (data not shown). These results are consistent with those of previous studies reporting that subjects receiving RAL-based ART reach undetectable HIV-1 RNA levels earlier than those receiving 2 NRTIs plus EFV [9] . As expected, at each time point, the plasma HIV-1 RNA was detectable in a greater proportion of subjects by the single-copy assay than by the ultrasensitive assay.
Assessment of Viral Dynamics by the Ultrasensitive Assay, Weeks 0-8
The decay in HIV-1 RNA over weeks 0-8 was best described by a bi-exponential model (data not shown). Due to the rapid virologic suppression by RAL plus FTC/TDF seen in previous studies, we hypothesized that first phase decay would be steeper (d 1 larger) for RAL-than for EFV-based regimens. However, d 1 estimates for EFV-based regimens were significantly larger than those for RAL: median d 1 values for A5160s and A5248 were 0.652/day and 0.590/day, respectively (P = .015, by the L1-25 approach); median d 1 values for A5166s and A5248 were 0.677/day and 0.563/day, respectively (P < .001, by the multiple imputation approach; Table 2 ). (The model using multiple imputations for A5160s did not converge.) However, d 1 estimates for EFV-based regimens were significantly larger than those for RAL-based regimens (Figure 1 ): median times to suppression for A5160s and A5248 were 74 and 22 days, respectively (P < .001, by the L1-25 approach); for A5166s and A5248, median times to suppression were 55 days and 28 days (P < .001, by the multiple imputation approach).
Estimates of d 2 were highly sensitive to the method of handling HIV-1 RNA values below the limit of quantification. By using the multiple imputation approach, which is preferred because it introduces least bias, d 2 for RAL plus FTC/TDF (median, 0.043/day) was significantly slower than for the EFVbased regimen in A5166s (median, 0.052/day; P = .026). VLs below the LLD (50 copies/mL) were handled by multiple imputation (MI).
c
The first VL below the LLD was replaced with a value of 25 copies/mL (half the LLD), and all subsequent VLs were excluded from model fits. (The model using multiple imputation for A5160s did not converge.)
However, by using the L1-25 approach, d 2 for RAL plus FTC/ TDF (median, 0.084/day) was significantly faster than that for the EFV-based regimen in A5160s (median, 0.033/day; P < .001; Table 2 ). We believe the estimates from multiple imputation are stronger; in the presence of so many A5248 values below the detection limit, the L1-25 approach overestimates the second-phase decay rate. Additional model fit statistics for A5248 data are shown in Supplementary 
Assessment of Viral Dynamics by the Single-Copy Assay, Weeks 0-8 and 0-72
The rapid decline in plasma HIV-1 RNA load among subjects receiving a RAL-based regimen resulted in a large proportion of HIV-1 RNA determinations that were below the limit of detection. As noted above, the approach taken to handle censored data had a large effect on estimates of the parameters of viral decay kinetics. We therefore applied the more sensitive singlecopy assay to samples from a subset of patients to obtain more accurate estimates of viral decay parameters. Baseline characteristics of patients with single-copy assay data were similar to those of the study population overall (Table 1) . For single-copy assay data from weeks 0-8 and weeks 0-72, bi-and tri-exponential models, respectively, proved the best fit (Table 3) . Median patient-specific decay estimates were 0.607/day (IQR, 0.582-0.653) for d 1 , 0.070/day (IQR, 0.042-0.079) for d 2 , and 0.0016/ day (IQR, 0.0005-0.0022) for d 3 . d 1 estimates based on singlecopy assay data were larger than those based on ultrasensitive assay data (0.563/day [IQR, 0.501-0.610]; P = .06, by the Wilcoxon rank sum test). The estimated transition from d 1 to d 2 occurred 16.1 days after initiating ART, at a median predicted HIV-1 RNA level of 69 copies/mL (1.8 log 10 copies/mL), compared with 15.1 days and 91 copies/mL (1.96 log 10 copies/mL) for ultrasensitive assay viral load data (Figure 1 ). The estimated transition from d 2 to d 3 occurred 110 days (15.7 weeks) after ART initiation, at a median predicted HIV-1 RNA level of 2.6 copies/mL (IQR, 2.5-3.5; Figure 2 ). The (bootstrap) mean thirdphase half-life was 497.84 days (71 weeks), which falls near the point estimate of 69 weeks for the LPV/r-based regimen of M98-863 [6] , and our bootstrap-based CIs exhibit substantial overlap with the CIs reported for M98-863 and M97-720 (Table 3) . No fourth decay phase (d 4 ) was evident by week 72.
DISCUSSION
Viral decay kinetics following the initiation of ART reveal the dynamic nature of HIV-1 infection and provide important information regarding the mechanisms of drug action. The various phases of viral clearance also provide insights into the cellular Figure 1 . Predicted viral decay curves (weeks 0-8) across 3 AIDS Clinical Trials Group studies, using a single-copy assay (SCA) and an ultrasensitive assay (US). Plasma human immunodeficiency virus type 1 (HIV-1) RNA load, in log 10 copies/mL, in treatment-naive subjects initiating highly active antiretroviral therapy, predicted by population-average bi-exponential mixed-effects models of data from weeks 0-8. Solid black line, SCA results for A5248 subjects initiating raltegravir (RAL) plus emtricitabine/ tenofovir disoproxil fumarate (FTC/TDF); all plasma HIV-1 RNA values were retained; values of 0.5 copies/mL were imputed for those below the lower limit of detection (LLD) of 1 copy/mL. Dashed black line, US results for A5248 subjects initiating RAL plus FTC/TDF; multiple imputation of plasma HIV-1 RNA values below the LLD of 50 copies/mL. Dashed red line, US results for A5166s subjects in arm C, initiating efavirenz (EFV) plus 2 nucleoside reverse-transcriptase inhibitors (NRTIs); multiple imputation of plasma HIV-1 RNA values below the LLD of 50 copies/mL. Dashed blue line, US results for A5160s subjects in arm C, initiating EFV plus 2 NRTIs; only the first plasma HIV-1 RNA values below the LLD of 50 copies/mL was retained (values of 25 copies/mL were imputed), with all other data excluded from model fit (multiple imputation fit failed to converge). Dashed gray lines show US and SCA LLDs (log 10 50 and log 10 1 copies/mL, respectively). Dotted gray line shows time of treatment initiation. Rate constants for the first and second phases of decay are reported in Table 2 (for the models using data from the UltraSensitive HIV-1 Monitor Assay) and Table 3 (for the model using data from the SCA). Abbreviation: MI, multiple imputation.
reservoirs that contribute to HIV-1 persistence. The rapid reduction of plasma HIV-1 RNA to levels below the limits of detection by conventional assays in patients initiating treatment with a RAL-containing regimen raises 2 important questions: what accounts for the apparently faster initial clearance of plasma virus in patients receiving RAL, and are the kinetics of subsequent phases of viral decay different in patients receiving an integrase strand transfer inhibitor versus inhibitors of reverse transcriptase or protease? Sparse sampling and/or constraints imposed by the limitation of detection of standard assays have hampered previous attempts to answer these questions.
We used a combination of frequent sampling and 2 different plasma HIV-1 RNA assays to estimate clearance rates for plasma virus in treatment-naive patients initiating RAL plus FTC/TDF. Using ultrasensitive assay data, we found that d 1 lasted longer in RAL-treated patients (15 days) than in EFVtreated patients (9 days in A5166s; 11 days in A5160s); at the time of transition, the HIV-1 RNA level was lower (91 copies/ mL vs 589 copies/mL in A5166s and 977 copies/mL in A5160s). Models incorporating single-copy assay data showed that d 1 extends for 16 days, with the d 1 to d 2 transition occurring at a plasma HIV-1 RNA level of 69 copies/mL [10] . Although d 1 lasted longer in RAL-treated patients than in EFV-treated patients, the rate of d 1 decay was significantly faster in EFV-treated patients. The reason for this difference is not clear; it may reflect (1) a more effective initial inhibition of viral replication by EFV-containing regimens or (2) a cytotoxic effect of EFV on HIV-1-producing cells, mediated through All VLs were retained for model fits; those below the lower limit of detection of 1 copy/mL were set to 0.5 c/mL. The wide CIs around the population-based fixed-effect parameter estimates likely reflect the small sample size (8 subjects) for which models covering weeks 0-72 could be fit. Means and 95% CIs around subject-specific Figure 2 . Tri-exponential model of predicted viral decay (weeks 0-72), using single-copy assay data. Plasma human immunodeficiency virus type 1 (HIV-1) RNA decay (log 10 copies/mL) in treatment-naive subjects initiating raltegravir plus emtricitabine/tenofovir disoproxil fumarate, predicted by population-average tri-exponential mixed-effects models of single-copy assay data for weeks 0-72 (solid black line), using all values obtained (those below the lower limit of detection of 1 copy/mL were imputed at 0.5 copies/mL). The colored dotted lines show the slopes (tangent lines) for each of the 3 phases. Half-lives for each phase are also shown.
promotion of gag-pol dimerization, proteolytic processing of gag-pol, and intracellular release of active HIV-1 protease, resulting in cell death [15] . The proportion of subjects with plasma HIV-1 RNA levels below the ultrasensitive assay limit of detection increased from 10% at the start of d 2 to 85% by day 56. Given the increasing proportion over time of ultrasensitive assay values of ≤50 copies/ mL, it is not surprising that d 2 estimates were dependent on the method of handling censored data. This problem was minimized in models that relied on single-copy assay data, because a majority of subjects (46%) still had detectable viremia at week 60, as measured by this assay. More importantly, use of single-copy assay data revealed a third phase of decay, with a corresponding median half-life of 71 weeks, similar to that observed in patients treated with a ritonavir-boosted PI [6] .
Our results demonstrate convincingly that the rapid reduction in plasma HIV-1 RNA load to below the detection limits of standard HIV-1 RNA assays with RAL-containing regimens is due to the longer duration of d 1 when compared to EFV-based regimens and not to faster initial clearance. This longer duration is most likely explained by RAL's mechanism of action, which may prevent the transition of cells from a state of "preintegration latency" to productively infected cells by blocking the integration of linear double-stranded viral DNA products of reverse transcription from previously infected cells, thereby reducing the pool of cells that contribute to d 2 [10] and that would otherwise obscure d 1 . Although our results are qualitatively similar to those previously reported [10] , the design of the current study enabled us to estimate d 1 and the time of transition to d 2 more accurately because of more frequent plasma HIV-1 RNA measurements at early and late time points of the viral decay curve and because of the use of the more sensitive single-copy assay.
The single-copy assay also revealed a third phase of decay in RAL-treated patients, but the estimated decay rate did not differ from that observed in patients receiving LPV/r. This finding suggests that cells harboring long-lived unintegrated forms of HIV-1 DNA do not contribute significantly to d 3 , and it is consistent with the hypothesis that this third phase of decay results from long-lived reservoirs of either latently infected cells that are stochastically activated or from long-lived productively infected cells. These results also suggest that integrase strand-transfer inhibitors, which, like all other approved antiretrovirals, block new cycles of HIV-1 replication, do not have an effect on latently infected cells. Our results are also consistent with the outcome of intensification studies that showed that addition of RAL to suppressive ART had no effect on residual plasma viremia [16] [17] [18] . In our study, we did not detect a plateau of HIV-1 RNA load decline, which was previously reported for LPV/r-containing ART [6] . However, the plateau was observed 4-5 years after initiation of LPV/r-containing ART, much later than the 72-week observation period for the current study.
This study has several limitations. Because it was not randomized, comparisons with historical data from EFV-treated patients must be interpreted with caution. Nevertheless, our population was similar overall to populations in the earlier studies. Moreover, the time course of virologic suppression in the current study was consistent with that observed in randomized trials of RAL in treatment-naive patients [9, 19, 20] . Another potential limitation is that the single-copy assay was performed on samples from only a subset of patients, but this subset was similar to the study population as a whole. We did not examine the levels of virus in tissues such as the gastrointestinal mucosa, genital tract, or central nervous system. Such analyses may provide additional insights into the effects of RAL on viral replication but are not required to assess viremia decay kinetics. Another limitation is that although multiple imputation is the preferred approach to handling viral loads reported as below detection, problems with convergence prevented us from using it in all cases. Finally, the viral dynamics models we used assumed perfect drug efficacy [21] . Other models that account for variation in adherence to antiretroviral drugs might have produced different results.
In conclusion, using frequent sampling and a single-copy assay for measuring the plasma HIV-1 RNA load, we describe a more complete model of viral decay in patients initiating ART with RAL plus TDF/FTC. This model revealed 3 phases of decay characterized by a significantly extended d 1 and d2 that began at lower levels of plasma HIV-1 RNA than observed in prior viral dynamics studies involving patients receiving EFVbased regimens. These results are consistent with a reduction in the size of the pool of cells contributing to d 2 resulting from RAL's ability to prevent cells in a state of "preintegration latency" from becoming productively infected cells. Additional insights may be gained by analyzing the decay in integrated and unintegrated forms of viral DNA, including 2 long terminal repeat circles, in peripheral blood mononuclear cells, and in lymphoid tissues. It will be of interest to explore associations between the rapid clearance of HIV-1 RNA and changes in immunological parameters, including the kinetics of CD4 + T-cell count recovery and changes in immune activation. 
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